Magnetotactic bacteria (MTB) are a heterogeneous group of aquatic prokaryotes with a unique intracellular organelle, the magnetosome, which orients the cell along magnetic field lines. Magnetotaxis is a complex phenotype, which depends on the coordinate synthesis of magnetosomes, and the ability to swim and orient along the direction caused by the interaction with the Earth's magnetic field. Although a number of putative magnetotaxis genes were recently identified within a conserved genomic magnetosome island (MAI) of several MTB, their functions have remained mostly unknown, and it was speculated that additional genes located outside the MAI might be involved in magnetosome formation and magnetotaxis. In order to identify genes specifically associated with the magnetotactic phenotype, we conducted comparisons between four sequenced magnetotacticProteobacteria including the nearly complete genome of Magnetospirillum gryphiswaldense strain MSR-1, the complete genome of Magnetospirillum magneticum strain AMB-1, the complete genome of the magnetic coccus MC-1 and the comparative-ready preliminary genome assembly of Magnetospirillum magnetotacticum strain MS-1 against an in-house database comprising 426 complete bacterial and archaeal genome sequences. A magnetobacterial core genome of about 891 genes was found shared by all four MTB. In addition to a set of approximately 152 genus-specific genes shared by the three Magnetospirillum strains, we identified 28 genes as group-specific, i. e. which occur in all four analyzed MTB, but exhibit no (MTB-specific genes) or only remote (MTB-related genes) similarity to any genes from non-magnetotactic organisms, and which besides various novel genes include nearly all mam and mms genes previously shown to control magnetosome formation. The MTB-specific and MTB-related genes to a large extent display synteny, partially encode previously unrecognized magnetosome membrane proteins, and are either located within (19 genes) or outside (10 genes) the MAI of M. gryphiswaldense. These genes, which represent less than 1% of the 4268 ORFs of the MSR-1
Introduction coding region observations from similarity searches against sequence databases (nr, SWISS-PROT, KEGGGenes, genomesDB (for explanation, see next paragraph)) and protein family databases (Pfam, release 20.0), InterPro (release 13.0, InterProScan 4.2), and from predictive signal peptide (SignalP v3.0 (6) and transmembrane helix-analysis (TMHMM v2.0 (23). Predicted protein coding sequences were automatically annotated by the inhouse software MicHanThi (33) . The MicHanThi software predicts gene functions based on similarity searches using the NCBI-nr (including SWISS-PROT) and InterPro database.
Local genomes database. The local genome database (genomesDB) provides a computationally welldefined environment of 426 published whole genome sequences of bacterial and archaeal origin with all ORFs of each genome carrying a unique ID. To allow genome comparisons between specific user-defined groups, all
ORFs are assigned to the respective organism and metabolic group. In contrast to the general purpose database NCBI-nr which contains every sequence submitted ever, the focus of genomesDB is the association of every protein to their phylogenetic affiliation in a defined environment.
Definition and prioritizing of a group. Group-specific ORFs were extracted and the following four gene groups were defined:
-MTB-related group, with homologs in non-magnetotactic bacteria Members of this group are Magnetospirillum gryphiswaldense strain MSR-1, Magnetospirillum magneticum strain AMB-1 and Magnetospirillum magnetotacticum strain MS-1. The genes representing this group show moderate sequence similarity in bacteria outside the MTB.
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Members of this group are Magnetospirillum gryphiswaldense strain MSR-1, Magnetospirillum magneticum strain AMB-1 and Magnetospirillum magnetotacticum strain MS-1. Genes within this group are limited in occurrence to these three species of the genus Magnetospirillum.
-MTB-related group, containing members with homologs in non-magnetotactic bacteria Members of this group are Magnetospirillum gryphiswaldense strain MSR-1, Magnetospirillum magneticum strain AMB-1, Magnetospirillum magnetotacticum strain MS-1 and Magnetococcus strain MC-1. This group of genes shows moderate sequence similarity in bacteria outside the MTB.
-MTB-specific group, occurrence is limited to magnetotactic Bacteria Members of this group are Magnetospirillum gryphiswaldense strain MSR-1, Magnetospirillum magneticum strain AMB-1, Magnetospirillum magnetotacticum strain MS-1 and Magnetococcus strain MC-1. Genes included here occur only in these four organisms and are without homologous genes outside this group. They are thus highly suspected to play a role in the synthesis of magnetosomes. Genes which occur in all four members of this group were classified as "high potential", for playing an important role in magnetotaxis or biomineralization of magnetosomes.
Systematic extraction of group-specific genes with the local genomesDB. We used the following general strategy for the extraction of candidate genes: (i) all predicted ORFs of the MSR-1 genome were initially searched with the BLAST algorithm against the entire set of predicted ORFs of the AMB-1, MS-1, and MC-1 genomes, and vice versa, respectively ("BLAST all against all"). The results were searched with variable cut-off
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E-values in order to identify sets of genes shared either by all four MTB strains, or at least within the genus Magnetospirillum.
(ii) The identified sets of genes were further searched with BLAST against the in-house genomesDB and subsequently extracted with variable cut-off E-values. A match was defined as follow: If E-values of all BLAST hits of a particular ORF were within the ORF set of one or more group members in the genomesDB and were below the defined cut-off for a given group. All extracted group-specific ORFs were manually inspected and the final set was selected based on high pairwise sequence similarity or the availability of additional information yielded by one of the bioinformatic tools mentioned above.
Phylogenetic affiliation estimation.
To evaluate the phylogenetic assignment of the conserved ORFs in the datasets, all conserved ORFs were tested by BLAST for the phylogenetic distribution of best hits against a local genomes database (genomesDB) comprising a hit with expectation value E < 1e-05.
Comparison of the shared gene-content by reciprocal best matches (RBM).
To compare the datasets for gene content determination, a BLAST search between all predicted ORFs in the four MTB was performed.
Reciprocal best matches were counted by a BLAST result with a expectation value E < 1e-05 each and a subject coverage by over 65%.
Functional classification with cluster of orthologous groups (COG).
All predicted ORFs were also searched for similarity against the initial cluster of orthologous groups database (containing 44 organisms, http://www.ncbi.nlm.nih.gov/COG/). A match was counted if the similarity search resulted in an E-value below 1e-05.
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Phylogenetic trees. Phylogenetic tree was calculated using maximum likelihood analysis with the PROML program of the PHYLIP 3.65 package (9) . Bootstrap analysis was carried out by generating datasets with the SEQBOOT program (100 replicates), and a majority rule consensus tree was calculated using the CONSENSE program of the same package. The closely related Magnetospirillum strains MSR-1, AMB-1 and MS-1 have a comparable genome size, GCcontent, number of rRNA genes, and COGs, whereas differences are found in the absolute number of predicted ORFs. Despite their close phylogenetic relationship, the genomes of all four strains contain a significant proportion (11-18%) of organism-specific ORFs, which is within the average range typical for most microbial genomes (44).
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The more remotely related coccoid strain MC-1 displays similarities in the number of rRNAs, but strongly differs with respect to the GC content and the number of conserved ORFs in the COG database.
A further test revealed that 48 of 49 genes, which typically occur in single copy in microbial genomes, are found only singular in the sequence assembly of MSR-1. In general, it can be concluded from the retrieval of characteristic genome features known from the closely related AMB-1, such as the absolute number for noncoding DNA (tRNAs and rRNAs), the conformance of the ratio of total predicted to conserved ORFs, and the single-copy gene distribution, that the available data for MSR-1 represent the nearly complete genome sequence.
Phylogenetic distribution of the best BLAST hits of all conserved ORFs from MSR-1. To evaluate the phylogenetic affiliation of all ORFs with known similarities (conserved ORFs) from MSR-1, all ORFs were searched with BLAST for the distribution of the best hit against genomesDB. This revealed that 63% (2695 ORFs) yielded best hits (lowest BLAST E-value) either in AMB-1 (1549 ORFs) or MS-1 (1146 ORFs) (Fig1,A). The remaining 37% are predominantly distributed among different genera of -Proteobacteria with most hits to
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ORFs in the genomes of Rhodospirillum rubrum (Rhodospirillaceae, 134 ORFs) and of Sphingopyxis alaskensis (Sphingomonadaceae, 44 ORFs). Remarkably, a substantial number yielded best hits to ORFs in the -Proteobacterium Dechloromonas aromatica (30 ORFs) and in the -Proteobacterium Methylococcus capsulatus Bath (23 ORFs).
To eliminate the bias generated by closely related species like AMB-1, MS-1 or R. rubrum, hits to these three organisms were excluded for further analysis (Fig 1, B) . This revealed that with only one exception (D.
aromatica), all organisms yielding top-ten numbers of hits belong to the -subdivision of Proteobacteria.
Interestingly, even after exclusion of hits to the other Magnetospirillum strains, ORFs with best hits to MC-1 represent only the second-largest group after Granulobacter bethesdensis. Identification of group-specific ORFs in MTB. Magnetotaxis and magnetite biomineralization are unique metabolic traits that require very specific metabolic pathways. We reasoned that putative magnetosome genes should be conserved in most MTB genomes, or even to be universally shared by all MTB, while on the other hand they should be either entirely restricted to MTB, or exhibit weaker similarity to homologous genes identified in related, but non-magnetotactic organisms. Based on this, each gene was scored for the presence or absence of homologs in non-magnetotactic bacteria from the genomesDB and classified accordingly to one of the groups, which are described in the following sections.
Distribution of reciprocal best matches (RBM
MTB-specific genes. A subset of known genes, such as mamC, are either confined to the three We asked if the overlap in gene content is just a reflection of the close phylogenetic relationship of the four MTB strains within the -Proteobacteria , or whether it is due to the common trait of magnetotaxis. We tested this hypothesis by tentatively including Rhodospirillum rubrum as a control in our analysis, because it represents the closest non-magnetic 16S-rRNA relative of Magnetospirillum strains with a complete genome sequence available. This analysis yielded no genes that occurred in all four MTB and in R. rubrum. However, the intercomparison between the three magnetospirilla and R. rubrum yielded 41 conserved genes with no homologs in other organisms. Interestingly, one of them (MGR1900) matches an as-yet unassigned peptide sequence (LLTELSDDVNR) obtained by a previous proteomic analysis of the MM (17), and thus represents another MMP, which we designate mmeA (magnetosome membrane associated). MmeA has no known function and contains a predicted signal peptide sequence (max cleavage site probability: 1.0) (Tab. 2).
MTB-related genes.
A subset of known genes involved in magnetosome formation (exemplified by mamH,K,O,P,Q,A,B,M,E ) belong to gene families that also occur in non-magnetic bacteria, although exhibiting lower similarity. We reasoned that this class defined as "MTB-related genes" is extractable by a systematic approach, provided that they display a phylogeny consistent with their functional adaptation in MTB, i.
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e., if the degree of similarity within the magnetotactic members of these families is significantly higher than the similarity to genes in non-magnetotactic organisms. In order to define cut-off values appropriate to discriminate between these gene families, we analyzed the set of known magnetosome genes of MSR-1 with similarity to genes outside the group of MTB for their degree of conservation within and without the MTB by BLAST analysis.
The analysis of other known magnetosome genes shared by all four MTB revealed that, with the exception of mamQ, which has a closer homolog in T. maritima then in MC-1 based on BLAST E-value, all analyzed genes form coherent groups within their respective gene families and can be discriminated from nonmagnetotactic homologs by their E-values. These are consistently between 5e-05 and 1e-48 for the closest homologs in non-MTB, whereas they are generally below 1e-80 for the Magnetospirilla and below 1e-30 for Based on the inspection of relationships in known mam-genes with non-magnetobacterial homologs, the following criteria were set up to search for MTB-related genes:
1) Best BLAST hit to MC-1 E-value < 1e-30
2) Best BLAST hit to MS-1 E-value < 1e-80
3) Best BLAST hit to AMB-1 E-value < 1e-100 4) Best BLAST hit to non-magnetic genomesDB E-value > 1e-50
A C C E P T E D
at Penn State Univ on January 29, 2008 jb.asm.org Downloaded from this group). In addition, eight novel candidate genes were extracted, which, with the exception of MGR4148, are located outside the MAI (Table 3 ).
MGR0611 and MGR18883/83 contain a weak conserved metallo-beta-lactamase superfamily domain (Lactamase B), which can be found apart from beta-lactamases in a couple of other proteins with uncertain functions. In addition, MGR0611 contains a cyclic nucleotide-binding domain (cNN_binding) and hemerythrin HHE cation binding domain (hemerythrin). Multiple hemerythrin genes have been already identified within the MAI of MSR-1, which are known to bind and transport oxygen and iron (11), and all four MTB show a significantly higher number of predicted proteins with a hemerythrin domain. For comparison, the closely related R. rubrum contains only 5 genes, whereas AMB-1 contains 30 genes. This might implicate an important function in magnetotaxis for these proteins.
The genes MGR0611 and MGR1882/83 represent a special case, because they have only week similarity to hits in the genomesDB, but display significant similarities (E-value < 1e-200, 49% identity) to genes found in the draft genome of the Planctomycete Candidatus Kuenenia stuttgartiensis. Since Planctomycetes, in common with the MTB, have intracellular membranes and form unique compartments (pirellulosome) (15) , it might be speculated that these shared genes are somehow related to the formation of similar subcellular organelles in both organisms.
If in addition allowing hits to R. rubrum < 1e-80, only one gene (MGR0464) was identified that meets the required criteria. MGR0464 (in R. rubrum annotated as ArgK protein) is related to genes that encode for proteins having ATPase and kinase activity and is possibly involved in LAO (lysine, arginine, ornithine)/AO transport systems.
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Analysis of conserved neighborhoods.
Genes involved in the same pathway tend to cluster in prokaryotic chromosomes. This can be exploited to infer functional coupling between genes (31). All identified MTB-specific and MTB-related genes present in the four MTB strains were manually inspected for conserved synteny. Three of the group-specific genes display no synteny (MGR0611, MGR1564, MGR1882/MGR1883). Two genes (MGR2333, MGR2349) showing a conserved neighborhood were identified as phage-related, and therefore were not further considered. Four genes display a conserved cluster organization in the three Magnetospirillum strains (MGR0292, MGR0267, MGR0626, MGR3500), and five display a conserved cluster organization in all four analyzed MTB (MGR0208, MGR3500, MGR4072, MGR4148, MGR4149). These genes, which are highly conserved with respect to both sequence and organization, are discussed in detail in the following (Fig 4) .
The mamXY cluster encodes several group-specific MMPs. In all four MTB MGR4148 and MGR4149 are part of an cluster containing four genes. However, only two of them are identical between the Magnetospirillum strains and MC-1. In the latter strain, one gene encode a protein that exhibit the highest similarity to the MamD protein, which in MSR-1 was identified as one of the most abundant MMP containing an
LG-repeat domain (17) .
The highly conserved MTB-related gene MGR4148 (Fig. 4I, A) is located within the MAI and encodes a protein that exhibits a unique two-domain organization exclusively found in MTB (Fig. 4,1B Interestingly a mutant lacking the "Ferric_reduct" domain of frp1 in Schizosaccharomyces pombe is
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MGR4148 is preceded in all four MTB by the MTB-specific gene MGR4149, whose product displays a weak and partial similarity to both the magnetosome proteins MamE (N-terminal domain) and MamS (central domain). Since this protein (amb1017) was experimentally identified as MMP in AMB-1 (41), we designate MGR4149 as MamX.
The Magnetospirillum-specific gene MGR4150, which in all magnetospirilla is the first gene of the cluster, encodes a fragment (VLSQEITQELSHIAQSR), which shows a 100% match to a peptide sequence obtained by previous analysis of the magnetosome subproteome, but which could not been assigned yet to a known gene sequence (17) . We therefore designated MGR4150 as MamY. The last gene of this operon in the magnetospirilla is a ftsZ-like gene fragment consisting of Pfam "Tubulin" and "Tubulin_C" domains. This domain is present in prokaryotic homologs of eukaryotic tubulins or bacterial FtsZ-like proteins, which are involved in cell division (25). The co-localization of magnetosome proteins with genes potentially involved in signal transduction and cytoskeletal elements makes it tempting to speculate that they might be involved in environmental regulation of magnetosome biomineralization, and perhaps in signal transduction to the magnetosome chain.
The mtx cluster is putatively involved in magnetotaxis. The MTB-specific protein MGR0208 contains a predicted signal peptide sequence (max cleavage site probability from 0.992). Its corresponding orthologs in AMB-1, MS-1 and MC-1 exhibit high amino acid identity (60%, 60% and 50%, respectively) and have identical lengths. In the published original annotation of AMB-1 (27) the corresponding ORF is apparently miss-predicted and yields a truncated polypeptide (251 aa) lacking the signal peptide. However, manual inspection revealed a start codon in conserved position yielding a longer sequence as shown in Fig. 4 .II. Remarkably, this polypeptide was recently identified as a MMP by a proteomic approach in AMB-1 (41), and accordingly we propose to designate it mtxA (mtx for "magnetotaxis").
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MtxA is part of a conserved cluster of genes. In all four MTB strains, it is followed by a highly conserved gene with similarities to Pfam's adenylate cyclase family model and "CHASE2" domain. This domain organization belongs to a widespread group of trans-membrane receptors that function as sensors for monitoring environmental changes and regulatory circuits function in catabolite repression in microorganisms (45).
MGR3500 contains two cystathionine-beta-synthase domains (CBS).
A further highly conspicuous candidate protein is encoded by the MTB-related gene MGR3500 (Fig. 4III ). This gene is embedded within a gene cluster that displays some variation, yet exhibits recognizable conservation between all four MTB. Three of the genes are clustered together, including MGR3500, MGR3499, containing the Pfam domain of unknown function "DUF485" and a symporter family protein MGR3497, whereas the "DUF485" domain protein is missing in MC-1.
The mamGFDC and mms6 operons. The MTB-specific gene MGR4072 located within the mms6 operon (Fig. 4.4 ) also match to an unassigned peptide sequence (LPVVSWVADRI) obtained by proteomic analysis of the MM (17, and thus represents another MMP designated as mmsF). The predicted protein sequence resembles the magnetosome protein MamF with 62% identity. The genome of AMB-1 contains three copies of mamF-like genes ranging from 83% to 59% aa identity), whereas MC-1 contains two mamF-like genes (with lower conservation level). MSR-1 and MS-1 contain no further copies beside mamF and the mmsF.
Although MamF is one of the most abundant proteins in MM in M. gryphiswaldense, its function is still unknown.
MGR4072 is followed by two conspicuous genes: MGR4071 is anProteobacteria-specific gene, which barely escaped the filter criteria for a Magnetospirillum-specific gene (best hit to non-MTB Sinorhizobium meliloti 1e-05 by 55% coverage). MGR4070 contains a weak hit to the tetratricopeptide-like helical domain (InterPro IPR011990), which is known from other magnetosome proteins (MamA) and assumed to be involved in protein-protein interactions. Most genes of this region have counterparts also in MC-1, in which, however, they are not clustered, but scattered around the genome.
A C C E P T E D

Downloaded from
Discussion
In this study, we determined the nearly complete genome sequence of M. gryphiswaldense strain MSR-1 and used these data for the first detailed report on the computational identification of magnetosome-specific genes by a straightforward comparative genomics approach. Consistent with the 16S rRNA-based phylogeny and the common morphology and physiology, the MSR-1 genome is similar to the genomes of the two other
Magnetospirillum species with respect to size, gene content, and phylogenetic distribution of genes. Analysis at the genome level also confirmed the close relationship of members of the genus Magnetospirillum to the Rhodospirillaceae, in particular R. rubrum. The magnetotactic coccus strain MC-1 appears to be only distantly phylogenetically related to Magnetospirillum based on 16S rRNA analysis. The genomic comparisons support this conclusion and show that a magnetotactic phenotype is only weakly reflected by the overall genecontent of the genome.
Extraction of group-specific signature genes had to be sufficiently stringent in order to exclude false positives, but also sensitive enough to not accumulate false negatives. It might be argued that the selection of our E-value thresholds is somewhat arbitrary. However, the cut-off E-values are consistent with the range of similarity found in the previously known MM proteins, and variation of the cut-off E-value within a conservative range did not affect the number of identified hits (data not shown).
The first approximation of a magnetobacterial signature set of genes will likely be subject to modification as further data emerge. Apart from a small number of genes that might have escaped detection because of the incompleteness of two of the MTB genomes, the number of MTB-specific genes is likely to shrink further, given the rapid growth of the protein database, which will reveal homologous genes in non-MTB which so far are classified as missing. On the other hand, future addition of genomes from currently unrepresented, uncultivated branches and phenotypes of MTB will reveal further genes specific for MTB, for example those associated with the formation of uncommon numbers, shapes (e. g. bullet and needle-like) or arrangements (e.g. bundles of chains) magnetite crystals dissimilar from the investigated four strains, or those controlling the formation of greigite instead of magnetite crystals in some uncultivated MTB. Regardless of uncertainties in precisely defining the signature set, even this first approach returned highly interesting results.
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Out of the magnetobacterial core genome of about 891 genes, we identified 28 signature genes as magnetobacterial group-specific, i.e., which occur in all four analyzed MTB. 11 genes, designated as MTBspecific, from this set do not have any obvious similarity to genes in non-magnetotactic organisms. In addition to MTB-specific, relaxing our constraints to include genes with similarity in non-MTB increased this set with the risk of potentially increasing the number of false positives. However, only as few as 17 MTB-related genes present in all four genomes were extracted, which exhibit only remote similarity to genes from non-magnetotactic organisms (MTB-related). Another subset of genes is conserved in all Magnetospirillum strains, but do not have counterparts in MC-1 (Magnetospirillum-specific genes), as exemplified by mamN and mamU (Tab. 3, upper two rows). We failed to extract further members of this particular group with the algorithm described above, because of the general phylogenetic coherency of the genes between the closely related Magnetospirillum strains, which makes it impossible to discriminate between "general" genes and putative magnetosome genes based on simple similarity filtering.
Using a similar approach, Raymond et al. (34) described the detection of photosynthetic-specific (PS) and photosynthesis-related (PR) genes by finding all genes shared within the subset of photosynthetic genes, and then subtracting from this set those genes found in non-photosynthetic organisms. This revealed a set of 53 PR and PS candidate proteins. A similar approach was used for the identification of potential genetic determinants of hyperthermophily (24). 50 core cyanobacteria-specific cogs (Cyogs) exclusively shared by Cyanobacteria were extracted by genome analysis of 15 complete cyanobacterial genomes (30) . In contrast, only one protein, reverse
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gyrase, was encoded in the genomes of all hyperthermophiles, and not in any other genome, as identified by a further comparative approach by phylogenetic profiling (10) . Compared to this latter situation, the set of MTB specific and -related genes seems to be rather complex and approaches the number of genes implicated in bacterial photosynthesis.
A substantial number of Magnetospirillum-specific genes are currently annotated as hypothetical in MC-1, MS-1, and AMB-1. Since we found homologous genes in at least three of the MTB, it is clear that these are actual genes of unassigned function. In addition, four (mamY (MGR4150), mtxA (MGR0208), mmsF (MGR4072), mamX (MGR4149)) novel MMP were identified in MSR-1 by linking identified signature genes to experimental evidences obtained from previously unassigned peptide sequences of purified magnetosomes (17), or proteomic data from AMB-1 (27, 41).
MTB-related and MTB-specific proteins conserved in all MTB are of special interest as they may represent a core set of genes required for the magnetotactic phenotype. However, the largest set of group-specific MSR-1 genes (152 genes) identified in this study is represented by Magnetospirillum-specific genes (see supplement   table) . Remarkably, they include a number of genes encoding MMPs,or which have a confirmed role in magnetosome biomineralization. For example, a crucial function in iron nucleation was attributed to the magnetosome-associated Mms6 protein by in vitro crystallization experiments (3). Another Magnetospirillumspecific protein, the acidic protein MamJ, was demonstrated to have an essential role in the proper alignment of magnetosome chains along the cytoskeletal magnetosome filament (37).
A special case is MGR1900 which encodes a MMP and was designated as MmeA. It represents an exception as it does not strictly meet the criteria for "MTB-specific" because its only known non-magnetic homolog is in the genome of the closely related R. rubrum, but not present in that of the magnetic coccus MC-1. The significance of this finding is not clear at the moment, but one might speculate that its presence in non- The predominant fraction of identified MTB-specific and MTB-related genes displays synteny. Our screen of the signature set for genes of conserved proximity revealed three experimentally proven and four predicted operons. Several group-specific genes are co-localized with genes implicated in signal transduction, suggesting that these operons might have a function in the control of magnetotactic motility. Interestingly, several of the MTBspecific/related genes were found in close proximity to another signature gene, which corroborates their suspected functions in magnetotaxis. The co-transcription together with non-signature genes within the same operon suggests that less specialized gene functions may contribute to the magnetotactic phenotype, perhaps by carrying out supporting or accessory roles, such as coordinating and integrating magnetite formation and magnetotaxis with more general metabolic activities.
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(MAI) in MSR-1. Many group-specific genes are located within the mamAB, mamGFDC, and mms6 operons.
In addition, multiple hits were found in a further cluster within the MAI, encoding two novel MMP. This mamXY operon in MSR-1 comprises four genes including one that encodes for multi-domain MMPs with similarity to the MamE and MamS proteins (MamX), an additional gene encoding for a MamH-like MFS paralogous protein with a ferric reductase-like domain, and the Magnetospirillum-specific magnetosome membrane protein (MMP)
MamY. Altogether, this intriguing characteristic makes it a prime candidate operon for magnetosome formation within the MAI in addition to the known mamAB, mamGFDC, and mms6 operons.
The fact that at least one MMP and a number of further magnetobacterial specific genes are located outside the MAI suggests that the MAI encodes many, but apparently not all gene functions required for magnetotaxis. The scattering of group-specific genes argues against a recent single horizontal gene transfer event. In addition, the phylogeny of all analyzed group-specific genes appears fully consistent with the 16S rRNAderived phylogeny of the four MTB. Several of the group-specific genes located outside the MAI belong to genes families involved in cell-signaling and chemotaxis. For example, a large chemotaxis protein (MGR0611) exhibits striking conservation between all four strains (approximately 50% aa identities). Another gene, encoding for a previously unrecognized MMP (MGR0208, designated MtxA in this study), is located within a predicted operon outside the MAI, which also contains a gene encoding a putative sensor protein for monitoring environmental changes. Thus, the preliminary experimental analysis and prediction of gene functions might on the other hand hint towards a scenario in which genes specifically required for the synthesis and biomineralization of magnetosome particles are confined within the MAI, whereas the genomic organization of gene functions required for the "taxis" part of magnetotaxis is less conserved and display a wider distribution.
In conclusion, we identified a set of 28 group-specific genes likely to be specifically associated with the magnetotactic phenotype in MTB. 14 of them were previously unrecognized and represent novel candidate genes
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for roles in magnetite biomineralization. Although we can only speculate on the function of these unassigned genes at this time, the genes described in this study will allow researchers interested in magnetotaxis and biomineralization to focus efforts to a small subset of genes that are likely to be of key interest which can be tested by experimental techniques. Tables and Figures.   TABLE 1 . General genome features of the four magnetotactic bacteria analyzed in this study. III. Gene neighborhood of MGR3500. 
IV. Gene neighborhood of mmsF (MGR4072)
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